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Abstract
The Cal Poly Wind Power club (CPWP) has sponsored our senior project team to design and
implement a system to dynamically pitch the blades of their prototype horizontal-axis wind
turbine. A blade pitching system can improve a turbine’s efficiency under certain operating
conditions and prevent failure under extreme wind speeds. To ensure reliable control, the
pitching system must be able to pitch quickly and accurately. Turbine efficiency can be
improved by a pitching system with low power draw and low inertia about the rotor axis. The
turbine is subjected to static and dynamic loading occurring due to changing aerodynamic
forces, acceleration, and rotor imbalance; key considerations for structural integrity include
reducing inertia about the rotor axis as well as reducing the moment on the cantilevered end of
the turbine’s main shaft. Target values for these criteria were developed by studying existing
designs, research papers and via information provided by the Cal Poly Wind Power club. The
pitching system developed by this senior project team uses rack and pinions to convert linear
motion to angular rotation of the blades about the pitch axis. This system is controlled by two
linear actuators mounted within the nacelle.
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Acronyms
●
●
●
●
●
●
●
●
●
●

CDR = Critical Design Review
CWC = Collegiate Wind Competition (hosted by the Department of Energy)
CPWP = Cal Poly Wind Power club
DFM = Design for Manufacturability
FDM = Fused Deposition Modeling
NREL = National Renewable Energy Laboratory
PDR = Preliminary Design Review
QFD = Quality Function Deployment
VSVP = Variable speed, variable pitch
CNC = Computer numerical control
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1.0 Introduction
In this document, our team outlines the scope of our senior project as well as the work we have
completed in the past year. The Cal Poly Wind Power club tasked us with the designing and
manufacturing a variable blade pitch mechanism for a prototype wind turbine that will compete
in the upcoming 2021 Collegiate Wind Competition (CWC), held by the Department of Energy.
The primary purpose of our blade pitch mechanism is to maximize power generation of the
wind turbine’s generator by maintaining constant rotor mechanical power. This allows the
generator to efficiently produce constant electrical power at its rated rotational speed. The blade
pitch mechanism maintains rotor power by simultaneously changing each blade’s angle of
attack dynamically as the wind speed changes. The change in blade angle of attack effectively
manipulates lift and drag forces induced by the wind to control the rotor speed. Furthermore,
the pitching system allows the club to limit the rotational speed of the turbine via stall control.
Pitching the blades to stall can be used as a brake during general turbine operation, but it also
functions as a safety mechanism by inhibiting high rotational speeds, or runaway, in strong
winds that could lead to overloading the generator or catastrophic mechanical failure.
In section 2.0, Background, our team presents our research findings, design challenges as well as
considerations, and summarizes our meetings with the Cal Poly Wind Power club. We also
discuss the previous competitor’s products of the 2019 CWC.
In section 3.0, Objectives, we pose our problem statement, and our customer’s needs as well as
requirements. This information facilitated our Quality Function Development, from which we
developed the engineering specifications discussed in detail within the section.
In section 4.0, Concept Design, our team presents the high-level concept models that we created
during our ideation phase, along with our process of down-selection through these models.
In section 5.0, Final Design, we outline how our final blade pitch system has evolved since CDR,
how it functions, and how we believe it meets the CPWP requirements. This section includes
detailed descriptions of our assembly and all its major components, details of analysis,
discussions of the system, and budget information.
In section 6.0, Manufacturing, we provide the details of purchased components, describe the
manufacturing process for all custom and modified components, and outline the assembly
process for the blade pitching system.
In section 7.0, Design Verification, our team outlines how we tested components of our system.
This includes descriptions for each test as well as their procedure and equipment needs.
In section 8.0, Project Management, our team outlines the steps we have taken to ensure that our
final design is successful and meets our customer’s requirements. We give insights into how we
operated as a team, including where we have succeeded or deviated from our plan.
Finally in section 9.0, Conclusion and Recommendations, our team reiterates the essential areas of
our final design including the key takeaways and also provides suggestions on future
development of our system to CPWP.

6

2.0 Background
The Collegiate Wind Competition was created by the National Renewable Energy Laboratory
(NREL) and the United States Department of Energy (DOE) in 2014 in order to inspire college
students to enter the wind energy industry. The competition consists of three major
components: a series of mid year milestones, a technical design report, and a prototype turbine,
each of which have a possible number of points that can be earned. The prototype turbine has
technical requirements including, but not limited to:1
●
●
●
●

The turbine must be designed for testing inside the CWC wind tunnel
The turbine must withstand winds of 22 m/s during operation and 25 m/s when parked
At zero yaw angle, the entire turbine assembly must fit inside a 45 cm by 45 cm by 45 cm
cube
The entire turbine assembly must fit through the turbine door of dimensions 61 cm by
122 cm

The annual CWC also poses many individual wind tunnel tasks, of which each college team
must opt-in to. These tasks include turbine performance, rated rpm and power control, cut-in
wind speed, turbine durability over a range of wind speeds and yaw positions, safety, cut-out
performance, and parked high-wind each with a distinct point value shown in Table 2.1. Each
team will use their own prototype wind turbine and electrical load for tasks they choose to
compete in. Teams must design their turbine to sense varying conditions within the wind tunnel
and react accordingly. The requirements and tasks set forth by the CWC provided an ample
start, however, our team designed our system according to CPWP’s specific requirements and
tasks they will attempt to compete in.
Table 2.1. CWC scoring rubric for turbine performance testing tasks2.

1
2

Description

Possible Points

Cut-in wind speed task

25

Power curve performance task

50

Control of rated power

25

Control of rated speed

25

Safety task

50

Durability task

50

Cut-out and parked high wind

25

Total Possible Points

250

CWC (2019), Rules and Requirements Manual
CWC (2019)

7

2.1 Customers
The customers for this project are the Cal Poly Wind Power club, Andrew Kean (CPWP
advisor/our sponsor), and the competition judges for the CWC. The most important customer
is CPWP, as they will be utilizing our blade pitch mechanism for the upcoming 2021 CWC. 2021
marks the first year that Cal Poly, represented by CPWP, will be competing in the CWC and also
the first year that the club is adopting a pitch mechanism. It is imperative that we provide them
with a system that can be integrated into their evolving prototype turbine, adapted for the years
to come, and deliver the results they seek. The judges simply provide the baseline rules, safety,
and requirements for the turbine whereas CPWP has performance requirements that must be
met to allow them to win tasks within the CWC. Andrew Kean, our team sponsor, is most
concerned with safety, cost, and completion of the project, as he is the club advisor.

2.2 Existing Designs
The Department of Energy website provides the technical design reports of each team that has
competed in the previous Collegiate Wind Competitions. This provided the most relevant
information to our senior project during our initial research, as the reports include detailed
analyses of varying blade pitch mechanism designs. Our research focused on three 2019 CWC
team designs and was supplemented by literature on pitch mechanisms found in commercial
wind turbines. We chose these three teams because they provide a diverse example set
successful blade pitch systems.

2019 CWC First Place Overall
Penn State University was the 2019 CWC first place overall. Their team utilized a repurposed
RC helicopter rotor as their active blade pitching mechanism. The main benefit of the
mechanism is the large range of pitch as well as the ability to accurately pitch all three turbine
blades to the appropriate angle. The helicopter swashplate mechanism is able to pitch the angle
of attack to negative values, which produces torque opposite the direction of normal rotor
rotation, providing ample stopping power in high wind speeds. Their team also added a
one-way clutch bearing to prevent rotation in the wrong direction. The swashplate mechanism
is controlled by an Arduino that infers the wind speed and sends a signal to a servo motor to
actuate the mechanism to the appropriate blade angle. Wind tunnel testing provided optimum
pitch angle data at varying wind speeds which is stored in the Arduino in the form of tables. At
low wind speeds below 5 m/s, the turbine does not produce enough power to actively pitch the
blades. Alternatively, cut-in is achieved by presetting the blades to a startup angle. This allows
the turbine to cut-in at speeds below 5 m/s until enough power is generated for active pitch.
Penn State University performed a simple static strength test and found that the mechanism can
handle an axial force of 247 lbs3.

3

Penn State University (2019)

8

Figure 2.1. Penn State University helicopter swashplate blade pitching mechanism3.

2019 CWC Project Development Award
Iowa State University won the 2019 CWC Project Development Award. Their team designed an
active pitch system that uses a single linear actuator which moves a pitch rod back and forth in
order to change the blade pitch angle. The mechanism is able to pitch the three blades to stall
angle which effectively stops rotation. The pitch block (black triangular piece in Figure 2.2) was
3D printed out of ABS plastic and holds a brass gear rack with a diametral pitch of 48. Each
brass rack is paired with a 303 stainless steel pinion which is fixed to each blade’s base. Each
blade base is made out of aluminum and is held in place by a pillow block bearing. Gears can
remain engaged to hold blade angles due to steel shaft collars that clamp onto the stem. The
blade pitching mechanism has a pitch range of 180 degrees and can withstand axial force up to
2668.9 N according to Iowa State’s testing4.

Figure 2.2. Iowa State University rack and pinion blade pitching mechanism. The rack
and pinion are displayed as gold in the CAD drawing. The pillow block bearings (silver)
hold the blade bases in place.4

4

Iowa State University (2019)
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2019 CWC Competitor
University of Wisconsin-Madison (UWM) did not receive a CWC award, however, their flyball
governor inspired system does not draw power from the turbine’s overall power generation,
unlike the two pitching systems discussed above. The system utilizes the rotational inertia that
is produced by the turbine to pitch the blades. As the mechanism rotates, the mass experiences
centrifugal force and moves outwards from its starting position (arrow 1 in Figure 2.3). Note
that a spring is in-line with each mass so that the masses are forced radially inwards in low
speed or static conditions. The coupler then linearly actuates the linkage attached to the hub
(arrow 2 in Figure 2.3). The resulting motion is rotation of each blade about their axes (arrow 3
in Figure 2.3). The range of pitch does not compare to Penn State or Iowa State’s mechanisms as
University of Wisconsin-Madison is only able to achieve a max 40 degree rotation when the
masses are extended. In addition, any rotor imbalance may become much worse with three
added masses5.

Figure 2.3. University of Wisconsin-Madison flyball governor blade pitching mechanism5
There is a large amount of design flexibility in the blade pitch mechanism for the CPWP
prototype turbine. The current CAD model dimensions, component placement, and airfoils of
the turbine are constantly evolving. This led our team to explore additional options used in
industry for a blade pitch mechanism outside of just the previous CWC competitors.

Hydraulic-Powered Pitch Mechanism
In this system, the expansion and contraction of a fluid actuates hydraulic rods that cause the
blade root plate to rotate about its axis. This effectively changes the pitch angle of each blade.
The actuation of each piston rod is controlled by its respective linear displacement sensor. The
hydraulic system can accurately pitch to the appropriate blade angle and can even pitch to
feather in the event of power failure. Other blade pitch mechanisms that require electrical
power cannot pitch to feather or stall in the event of power failure unless there is a spring
actuation or other passive design implemented. While a hydraulic-powered design may have
less power draw than a geared or swashplate system, the controls for a hydraulic system were
5

University of Madison Wisconsin (2019)
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deemed too complex to be able to be easily integrated into CPWP’s Arduino control system. In
addition, the hydraulic system introduces fluid mechanics that adds to the intricacy of our
analysis and tends to be less efficient relative to a gearset or linkage system6.

Figure 2.4. Hydraulic-powered pitch mechanism using piston rods filled with fluid7.

External & Internal Electric-Powered Gearset Pitch Mechanism
External and internal blade pitch systems can be seen in wind turbine industry use today. The
external gearset system is conceptually simple consisting of bearings, three pinions each with a
motor, and three ring gears. Each blade is able to spin about its axis due to an inner ring of pitch
bearings and is actuated by the motor and pinion assembly fixed to the blade root. The motors
can be either AC or DC power which often drive gearboxes in order to utilize one or several
gear ratios. Although this system may be relatively simple compared to the other pitch
mechanisms we have identified, the main concern was that the three motors will have a large
cost and power draw from our overall generated power. In addition, gearboxes are expensive to
manufacture and would have driven up our overall cost. However, the pitch range of the
external and internal gearset systems are a function of how long the motor rotates the pinion. In
short, the system has no limit in terms of pitch range. Each motor is controlled by the turbine’s
main controller and can be independently or synchronously pitched, but the separate motor
assemblies require complex electrical components in order to preserve blade synchronicity.8

6

University of Madison Wisconsin (2019)
Pengky. (2020)
8
Anderson (2020)
7
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Figure 2.5. External pinions and gears powered by electric motors on each blade stem.9
The internal gearset system is similar to the external gearset except the motor and pinion
assemblies are now located inside of the hub. The outer ring is still fixed while the inner ring
gear is fixed to the blade. Each motor and pinion is also fixed to each blade which is the method
of actuation. This pitch mechanism required our design to have open space inside of the hub for
the pinions and motors, however, this proved to be too complex given the very small scale of
CPWP’s turbine. In terms of aerodynamics, the internal system is better due to its mechanism
housing being the hub whereas the external system may cause unpredictable streamlines.
Again, concerns of power draw, cost, and blade synchronicity are present with an internal
system.

Figure 2.6. Internal pinions and ring gears powered by electric motors on each blade stem10.11

9

Pengky, 2020
Pengky, 2020
11
Pengky, 2020
10
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Table 2.2 compiles specifications found in teams’ previous design reports. More teams than were
discussed above were included. We selected teams based on availability of information and
with the intent of representing a variety of designs. Missing data is marked by a “-”.
Table 2.2 Design specifications found in 2019 CWC design reports for five teams.
Specification

Units

Seattle U.

Virginia Tech

Penn. State

Iowa State

UWM

General
Rated Power

W

38

27

50

38

0.08

Rated speed

RPM

2500

2000

2000

2000

-

Pitching system
Actuator type

Linear

Stepper

Servo

Linear

centrifugal

Actuator model

Actuonix L12-P

-

-

Actuonix L12-I

Custom

Linkage type

Swashplate

Rack and pinion

Swashplate

Rack and pinion

Cam linkage

Controller

Arduino Uno

Arduino Micro

Arduino Micro

Arduino Uno

N/A

Actuator power
Voltage

V

7

4

8

12

N/A

Current

A

0.46

1.20

-

0.19

N/A

Torque

N-m

-

0.36

-

-

-

Electric power

W

3.2

4.8

0

2.2

0

Specs. at pitch axis
Pitching range

deg

-

75

-

180

40

Pitching torque

N-m

-

0.41

-

-

-

Pitch resolution

deg

-

0.5

-

-

N/A

-

52.4

-

-

-

Gear ratio

Calculated max. blade root loading
Axial Load

-

-

310

677

-

Bending Load

N-mm

-

143

-

-

-

Bending Load (at
blade center)

N

-

-

4.9

-

-

2.3 Summary of Meetings
Jess Dent (CPWP Team Lead) Meeting - April 10, 2020
This was our senior project team’s first meeting with Dent after we were assigned the project.
First, she explained and listed preliminary customer requirements for the blade pitch
mechanism and introduced the CWC rules and technical requirements. Dent then informed us
that the club was undergoing reorganization and re-elections. The budget for the project was
projected to be around $ 500 at this time. Dent laid out a rough deadline for the pitching
mechanism to be completed midway through winter quarter of 2021. Finally, she gave us access
to the CPWP prototype turbine CAD, Google Drive, and Slack workspace.

13

Jess Dent and Sophie Spencer (Newly Elected Team Lead) Meeting - April 15, 2020
The main team objective of this meeting was to have our questions regarding customer
requirements and project boundaries answered. We discussed the current prototype CAD model
in detail with Dent and Spencer. They declared that the CAD model would be subject to change
in the future, however, a few design decisions had already been made. The current shafts are
4130 steel, the blades are 3-D printed PLA covered in fiberglass, and the plates, front hub, and
nacelle base are aluminum. They mentioned that the club has a dynamometer that they can
hook a generator up to for data collection, but have no easy way to collect data for the full
turbine besides wind tunnel testing. Dent and Spencer stated that the rotor attachment would
likely be within our scope.
Jess Dent and Elizabeth Costley (New Team Manager) Meeting - April 21, 2020
The team objective of this meeting was to receive specific engineering specifications regarding
the pitch mechanism. Dent began by specifying that the prototype turbine should be 30 - 35 %
efficient while generating 40 - 50 W at 11 - 12 m/s. The passive and active power draw of the
blade pitch mechanism must be minimized so that efficiency remains high. Our team asked
about specifications regarding pitch torque, rate, range, and loads, however, Dent could not
answer these questions at the time. Dent expressed that the club’s aerodynamics team was not
as dedicated as she hoped. She told us that she would take that role and find as many answers
regarding aerodynamics as soon as possible. Finally, she continued to define our project
boundaries affirming that the electrical lead, Grayson Capers, is responsible for our controls
system integration.
Jess Dent, Grayson Capers (New EE Team Lead), and Jordan Corley (EE Team) Meeting April 28, 2020
Again, our team goal was to continue narrowing our project scope as well as gain a better
understanding of the specifications. Dent starts the meeting by introducing us to the electrical
team; Capers and Corley. Capers states that the main control system will almost certainly
include an Arduino Uno or Nano with a wind speed sensor and servo motor. He also informs us
that the turbine will likely utilize a permanent magnet generator. Dent states that turbine cut-in
will be attained by setting a fixed cut-in blade angle at low wind speeds until enough power is
gained for active pitching. She also explains that the club will likely want our mechanism to
pitch to feather. Finally, Dent says that she is still working on aero tasks including airfoil design,
and will be able to provide us rough engineering specifications in the near future.
Jess Dent and Elizabeth Costley Meeting - May 5, 2020
The intention for this meeting was to touch base with Dent and Costley on CPWP analysis of
aerodynamic loading. Dent provided preliminary analysis results from a rotor design
spreadsheet produced by Dr. Lemieux, a Wind Energy professor at Cal Poly, using data from
airfoiltools.com for the asymmetrical NACA 4412 airfoil. Dent explained that the airfoil can
handle up to a 38 N distributed load and a 31 N point load. She believes that this airfoil is an
acceptable starting point, however, she stated that the NACA 4412 will likely not be the airfoil
CPWP chooses for the prototype wind turbine. Lastly, Dent and Costley assured us that they
would have more quantitative engineering specifications in the upcoming weeks.
Sophie Spencer Meeting - May 12, 2020
Spencer began this meeting by assuring us that the analysis tools we will need to create our
design will be ready at the beginning of summer. This would include a MATLAB script that will
14

produce the aerodynamic load analysis as well as a better estimate of the club’s required pitch
range. She explained that the highest required power draw from our pitching system will be
when the blades pitch to stall due to the maximum coefficient of lift. Spencer mentioned that the
Arduino will have a 5 V output limit and will most likely reference a lookup table similar to
Penn State’s Arduino control scheme. Our team concluded the meeting by stating that our goal
for the next couple weeks was to produce preliminary concept CAD models.
Jess Dent, Sophie Spencer, and Grayson Capers Meeting - June 2, 2020
The team goal for this meeting was to ask questions about our preliminary CAD models so that
we could continue to down-select our ideas. We began by asking whether more than one
actuator was feasible for the Arduino output voltage. Capers stated that the total required
voltage from the actuators must be lower than the output voltage of the Arduino. The
actuator(s) may not work if the voltage requirement is not met. We then asked how to know if
an actuator has low standby power and how to calculate the energy or power required for the
actuator to hold in position, especially if it is under dynamic load. Capers responding by saying
that he would investigate and get back to us. The last topic of this meeting included discussion
of whether a mechanical or electrical system needs to be integrated that has the capability of
pitching the blades after being disconnected from main power. Dent and Spencer did not have
an answer yet and declared that a lot of club work will be performed this summer.
Sophie Spencer, Grayson Capers, and Zach Dunkelberger Meeting - September 14, 2020
This was the first meeting after the academic break of summer 2020. Note that Zach
Dunkelberger was elected over the summer as CPWP mechanical lead. The objective was to
sync-up with CPWP in regards to the aerodynamic loads that our team needed for detailed
design. During the meeting, Spencer assured us that the 3 moments and forces at the blade root
would be provided to us soon.
Sophie Spencer and Jess Dent Meeting - October 4, 2020
The intention of this meeting was to inform CPWP leads that we had selected the rack and
pinion design to move forward with. Preliminary CAD was shown to Dent and Spencer and
they approved thus far.
Sophie Spencer, Grayson Capers, and Zach Dunkelberger Meeting - October 12, 2020
The numerical requirements for our pitching mechanism were finally set during this meeting.
Spencer notified us that the maximum pitching moment would be about 0.8 N-m per blade at 13
m/s with a factor of safety of 2. The required rotation range is 20 degrees at a rate of at least 1-2
deg/s. Capers notified us that the generator should generate about 60 W of total power and that
acceptable active and standby power draw numbers are less than 5 W and 1 W respectively. He
also mentioned that our actuators would not be powered until the generator voltage reaches the
actuator’s rated input voltage. Our team told CPWP that our current hub diameter is about 7.6
cm which was a notable increase from their 5 cm diameter hub. Spencer told us that this
increase in hub diameter would change their blade geometry and decrease the required pitching
moment and power coefficient.
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3.0 Objectives
The objectives of this project are largely based on CWC rules12, but have been adapted in
accordance with the specific design of the CPWP turbine. Our objectives are also influenced by
CPWP’s current phase in the design process. The importance of design flexibility in the QFD
reflects the early stage of the turbine design. The QFD also shows the strong correlation between
design flexibility and the design specifications listed in table 3, which will be used as a means of
analyzing design choices and evaluating project success. We began defining our scope of work
by meetings with members of CPWP13 to define expectations. From these meetings we formed a
list of customer needs and wants, as well as a problem statement. Further research allowed us to
develop expectations from CPWP into a QFD14. Finally we have identified and discussed
specifications of particular note.

3.1 Problem Statement
The Cal Poly Wind Power team is designing a horizontal axis wind turbine for the 2021
Collegiate Wind Competition that is required to withstand continuous winds of up to 22m/s in
operation and 25m/s when parked. The current prototype is a fixed pitch, stall-regulated, three
blade, passive yaw, small scale turbine. Fixed pitch, stall controlled turbines are unable to adapt
to changes in wind speed to maintain peak power output. In order to control rotational speed
and maximize power generation throughout variable conditions it is necessary to dynamically
adjust blade pitch angle in response to environmental inputs. A pitching mechanism will be
designed for the 2021 competition turbine that provides blade pitch angle response to wind
speed for maintaining optimal power generation and pitch-to-stall or pitch-to-feather braking
for runaway prevention and cut-out. It is important to note that the controls for this system will
be handled by the electrical team of CPWP.

3.2 Summary of Customer Needs / Wants
The use cases and therefore many specifications are dictated largely by the control scheme.
CPWP intends to use a variable speed, variable pitch (VSVP) control scheme which requires
actuation of the pitching system above the rated wind speed to produce relatively constant
power output, as well as during cut-out conditions15. Since CPWP has indicated that cut-out is
an essential component of reliable performance, they have requested a pitch range of 0 to 90
degrees. Further analysis of use cases will better define both the kinematic and kinetic
requirements, (eg. pitching torque and pitch rate).
Competition rules outline the three cases where cut-out is required. While these cases will not
be discussed here in full detail16, the turbine rotor must be able to cut-out from wind speeds of

12

CWC (2019)
Namely, Jess Dent (point of contact), Elizabeth Costley (team manager), Grayson Capers (electronic
systems lead), Zach Dunkelberger (mechanical systems lead), and Sophie Spencer (club president).
14
See appendix attachment 1. Key specifications from the QFD can be found in table 3.
15
For a more complete discussion of control schemes see Anderson Chapter 6
16
See sections 3.54 and 3.5.6 of CWC rules.
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up to 22 m/s in 10-15 seconds to near stop. Additionally, the rotor must cut-out when an
emergency stop button is pressed or when disconnected from the load.
The pitching system is to be integrated into the nacelle and requires a physical attachment to the
blade root at the rotors. While it has not and likely will not be quantified by CPWP or our team,
increased nacelle size has been shown to have detrimental aerodynamics effects. Ideally, the
pitching system will not expand the nacelle size beyond what is required to house the generator.
Structural requirements stem from the competition’s “cut-out regime and parked high wind
(3.5.6)” event. The event requires operation of the pitching system up to 22 m/s wind speeds,
and for the mechanism to sustain loads at up to 25 m/s wind speed while the turbine is nearly
stopped. CPWP has additionally stressed the importance of a durable system due to budget
constraints and the added manufacturing effort associated with component failure.
While alternative pitching mechanisms exist such as UWM’s inertia based system, CPWP
envisions an electromechanical system so that it can more easily be integrated with the rest of
their electric-based control system. The system is expected to be controlled by an Arduino. The
CPWP electrical team has laid out three general configurations, listed by desirability: (1) The
pitching system’s actuator can both be powered and controlled by the Arduino’s output pins 17,
(2) The actuator power is greater than the Arduino can supply. The actuator is still controlled by
the board, however it will receive power from another source, likely off the same voltage
divider used to power the Arduino. (3) The actuator is powered and controlled separate from
the Arduino.
The electronics team has expressed the importance of a low power draw system, both during
actuation and while holding position. Additionally the University of Madison Wisconsin design
report discussed a substantial efficiency loss due to pitching system power draw.
CWC recommends the construction of a dynamometer to be used in conjunction in a wind
tunnel to test turbine performance before the competition. This would likely be the most
conclusive and accurate way to assess the performance of the pitching system as part of the
overall turbine system. CPWP has expressed interest in developing such a setup, however they
currently have no definitive plans or timeline for one.

3.3 QFD: Discussion and Analysis
The two customers identified for our QFD analysis (Appendix Attachment 1) are the Cal Poly
Wind Power club (CPWP) and pitching mechanism manufacturing. It should be noted that the
Collegiate Wind Competition (CWC) could be considered an indirect customer, but because the
requirements between the club and competition are so directly related we decided that it would
be redundant to include them as separate categories. In short, the club requires the pitching
mechanism to be capable of reliable, safe and rules compliant operation, to integrate with both
the mechanical and electronic architecture of the turbine and ultimately to increase the
performance of the turbine based on competition metrics. Evaluating these requirements from
the perspective of the “manufacturing customer” is intended to minimize or mitigate potential
17
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conflict between conceptual design and design manufacturability and assembly. With that said,
the requirements from CPWP are weighted significantly higher than those for manufacturing.
Reliability, safety, range of pitch, controls system integration, cut-out performance, design
flexibility and CWC rule compliance were identified as the most important requirements for the
project and each were given a 10/10 relative weighting, followed closely by cost.
The requirement that perhaps has most heavily influenced the scope and trajectory of our
project thus far is design flexibility. It certainly correlates to many of the engineering
specifications we have identified but moreover prioritizing design flexibility has been a key
factor in narrowing our scope and ultimately solidifying feasible project boundaries. At the
beginning of our research the general mentality of our project was to design a mechanism
whose architecture explicitly targeted a narrow range of preferred performance characteristics.
Instead, it is now our intent to design a mechanism that prioritizes easy integration with both
the mechanical and electrical/control systems of the turbine and is modular or flexible enough
to satisfy the currently known performance metrics and to be tuned over a wide range of
operation in testing.
The engineering specifications included in our QFD analysis were selected based on
quantifying, evaluating or testing the customer requirements and thus the most important
specifications target the highest weighted requirements. For instance, both standby and active
power draw are two of the most important metrics for our system to easily integrate with the
turbine's electrical system. Furthermore, pitch torque has a strong correlation to every
requirement except for packaging and serviceability, each with low relative weights, and thus is
perhaps the most important engineering specification.

3.4 Design Specifications
A selection of the key specifications identified in the process of making the QFD are shown in
table 3.1. Some of the target values have been chosen based on existing competitor designs.
These values will be continually updated and become more accurate as the design of the whole
turbine develops. Time permitting, our team plans to utilize feedback from testing to iterate
upon what is required of the system.
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Table 3.1. Specifications derived from QFD for evaluation of project success.
Spec.
No.

Specification
Description

Requirement or target
(units)

Tolerance

Risk

Compliance

1

Pitch rate

2 º/s

± 1 º/s

M

A, T

2

Pitch torque

0.8 N-m

± 0.5 N-m

M

A

3

Pitch range

0 - 20 º

N/A

L

A, I

4

Active power draw

5W

Min

H

A, T, I

5

Standby power draw

1W

Min

H

A, T, I

6

Mechanical Efficiency

90 %

Max

H

A

7

Pitch resolution

0.5 º

±

M

A, T

8

Cost

$1000

± $300

M

I

Specification notes:
1. Pitch rate
- An NREL simulation 18 showed that a pitch rate of 8 °/s allows for smooth control of
rotor speed. This value is likely only to change if CPWP specifies a target. Pitch rate can
be validated by video recording or by encoder data. This testing should occur both
unloaded and under operating loads.
2. Pitch torque
- Virginia Tech listed a similar value for required torque to pitch in their design report.
This value is likely to be updated in the near future as a result of further analysis, as
discussed in the upcoming Project Management section. Static torque output can simply
be measured by attaching weight to a blade. A dynamometer, or power and speed data
could be used to better understand how the system performs.
3. Pitch range
- A 20° range of pitch has requested by the CPWP club 19.
4. Active power draw
- Based on the power draw of existing designs listed in table 3, 5 W was set as a
conservative target. One of the main focuses of this project will be reducing this number.
Several solutions exist for taking power readings from an Arduino.
5. Standby power draw
- Two teams listed the actuator they use. A simple power calculation using standby
current from the manufacturer’s website20 and voltage yielded the target. Compared to
the rated power of the turbines this power draw seems insignificant.
6. Mechanical efficiency
18

Muljadi, E., & Butterfield, C. (1999)
In a more recent meeting with CPWP, they stated that it is not necessary to have a full 90° pitch range.
20
Controller, L. (2020)
19

19

-

Mechanical efficiency with respect to the pitching system is defined as the ratio of
electric power consumed to mechanical power about the pitch axis. This will likely be
one of the more difficult specifications to accurately measure, however it is a key metric
for evaluating electromechanical actuation systems. Testing can be performed by
hooking the pitching system up to a dynamometer and comparing the dynamometer
reading to electrical input power. This metric is not a true measure of the system’s
efficiency as it does not account for the power required to hold the turbine in position. If
later this is determined to be of considerable magnitude, energy consumption could be
measured during complete turbine wind tunnel testing replicating the duty cycle
expected at competition.
7. Pitch resolution
- Pitch resolution here is defined as the increment in which the pitch angle can be
adjusted, independent of controls-related inaccuracies. A case study [Andersen] 21
discussed a turbine where its 2° pitch accuracy (including controls) resulted in unreliable
control. As the control system is developed by CPWP this may be subject to change,
however we have allotted ourselves nominally a quarter of the tolerance stack for pitch
resolution. Encoder readings can measure this error.
8. Cost
- CPWP initially listed a $400 budget. They have stated an initial $1000 should be
available from NREL funding, however due to the volatile state of the world right now
they cannot guarantee the funding. We have listed $1000 as a budget because we think
this is feasible for our project as well as CPWP’s budget.

4.0 Concept Design
The process of concept development began after research was conducted for the several
different types of existing blade pitch systems. In order to prepare ourselves for concept
development, our team began the stage of ideation. We focused on the criteria that CPWP set
forth for us and analyzed each type of blade pitch system based on these criteria. From this, our
team was able to see the pros and cons of each existing design and begin creating high-level
concept CAD models. The concepts were then down-selected using a Pugh matrix and
weighted decision matrix. The following section details the concept designs that we considered
and outlines our down-selection process. Descriptions of the designs considered prior to PDR
are included directly below.

4.1 PDR Designs | Centrally Actuated Linkage
The concept model is based on the idea that linear actuation along the rotor axis of rotation
provides evenly distributed actuation force on the link. Initially, we thought that the
non-rotating linear actuator had to sit inside of the driveshaft in order for this to work. The
concept requires the solid driveshaft to be hollowed out with enough clearance for the linear
actuator to slide freely through. Actuation moves the link which then extends and retracts the
linkages connected to each blade stem. This design quickly proved to not be feasible due to the
decreased stiffness of the shaft and the opposite end of the shaft connecting to the generator.
There appeared to be no way to fit an entire actuator inside the shaft with a proper fixture.
21

Anderson (2020)
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Finally, the problem remained of how to connect the actuator to the rotating link. A cross-section
of the system is shown in Figure 4.1.

Figure 4.1. Green linear actuator (inside purple hollow driveshaft) moves orange piece
connected to purple/pink linkages. Each blade rotates within a pillow block bearing.

4.2 PDR Designs |Revised Centrally Actuated Linkage
After another round of ideation, the issues of the first centrally actuated system were addressed.
In the revised concept, the linear actuator now directly connects to the link through a ball
bearing which can handle both radial and thrust loads. The driveshaft is now sidestepped by a
spur gearset which allows the actuator to have a proper mount within the nacelle. The concept
is very compact and requires almost no cantilever in front of the nacelle base plate. The linkages
provide a 0 - 90º range of pitch which allows the blades to pitch to stall. Figure 4.2 gives a
detailed explanation of the components.

Figure 4.2. Orange linear actuator moves blue link connected to purple/orange linkages. Pink
driveshaft is sidestepped by a spur gearset to allow the actuator to be centrally located. Each
blade rotates within a pillow block bearing.
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4.3 PDR Designs |Direct Drive Gearset
In this concept model, each blade has its own direct drive motor and spur gearset. The motors
are fixed in position and rotate with the rotor. The three motors and gearsets add to the rotor’s
rotational inertia, however, the pitch range is theoretically infinite. The concept requires a small
cantilever in front of the nacelle base plate, but has very small packaging. Each motor has its
own power draw, however, they are very lightweight and cost effective. Blade angle
synchronicity may be of concern as it will be left up to the CPWP electrical team to be able to
simultaneously control the three motors. Figure 4.3 exhibits a side view of the direct drive
gearset assembly.

Figure 4.3. Three orange direct drive motors fixed to the yellow blade base rotate the pink spur
gearsets. Blades rotate due to keyway connection of gears.

4.4 PDR Designs |Relative Motion Sliding Collar
This concept addresses the blade angle synchronicity issue of the latter concept as each blade
has a secondary attachment that slides within a linear slot. The idea of relative motion is in
effect; once the collar is linearly actuated along the rotor axis, the linear slot causes rotation of
each blade about its axis due to the fixed position of the blade base. The secondary blade
attachment also provides increased blade stiffness against bending moment due to wind
conditions. The linear actuator sits inside of the nacelle, but is positioned off the rotor axis.
Actuation will cause a moment arm on the rotor and collar which may present issues. The
concept also requires a considerable size cantilever as the pitch range is a function of cantilever
length. Although relatively simple, a concept model would be best to decide whether this
design is feasible. Figure 4.4 displays the function and components of the pitch collar in further
detail.
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Figure 4.4. Yellow pitch collar fits over dark blue driveshaft. Pink/red linear actuator holds light
blue clamp that fits around the outer race of the ball bearing.

4.5 PDR Designs |Linearly Actuated Swashplate Linkage
This concept places the linear actuator on the bottom of the nacelle. The actuator moves the fork
attachment forward and backward which slides a collar with a bearing and attached link along
the rotor axis. The slots on the fork component allow for even distribution of actuation force
onto the slider which the latter concept does not account for. The blade base stays very small
within this concept which could contribute to aerodynamic efficiency. Again, this concept
requires a considerable cantilever because the pitch range is a function of the linkage as well as
cantilever size. Similar to the latter concept, concerns arise as to whether the slider will slide
smoothly. Figure 4.5 details the components of this pitch system.

Figure 4.5. Green stationary shaft is fixed to the front base plate while the blue driveshaft can
rotate freely inside (with clearance for shaft deflection). Purple linear actuator moves the pink
fork which actuates the yellow slider along the stationary shaft. The light blue link moves with
the slider and is allowed to rotate due to the orange ball bearing.

4.6 PDR Designs |Ball Screw Driven Swashplate Linkage
All concepts utilizing a linear actuator have possibilities for high standby power draw. This is
because the linear actuator will need to remain static under variable loads if the angle of attack
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is to remain the same. This issue is addressed within this concept model. The linear actuator and
stationary shaft of the latter concept have been replaced with a ball screw, nut, and motor. The
motor rotates the nut which causes the linkage to move. The relatively high internal friction of
the ball screw lowers the standby power draw of the system. On the other hand, this could
increase the active power draw of the system when changing angle of attack. Figure 4.6
describes the pitch system in further detail.

Figure 4.6. Green motor spins the pink nut along the fixed yellow ball screw. The blue link is
allowed to rotate freely around the orange ball bearing sitting on the pink nut.

4.7 PDR Designs |Rack and Pinion
This concept uses three sets of racks and pinions to convert the linearly actuated motion of the
racks to angular rotation of the blades. The slop that is inherent to the engagement of the rack
and pinion teeth introduces the potential for undesirable blade vibration if the system was
subjected to drastic changes in wind direction in short succession. Such loading is not expected
during competition but the ramifications of intermittent teeth engagement on the performance
of this design still warrants careful consideration. With that said, this design offers a relatively
high degree of mechanical simplicity, high blade synchronicity, and high internal friction for
holding position.
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Figure 4.7. Rack and pinion concept design.

Figure 4.8. Summary of concept designs considered prior to PDR.

25

Figure 4.9. Decision matrix used to evaluate concept designs based on preliminary packaging
studies conducted prior to PDR.
The immediate objective of the team after PDR was to methodically narrow down our design
options to ultimately identify our final architecture and begin detailed design. Although the
decision matrix shown above was an important tool for evaluating our concept designs, it is
important to note that even though the design criteria weights were thoughtfully assigned they
are qualitative and are not concretely substantiated by objective metrics. For this reason, the first
round of design down-selection after PDR was not made based on the total scoring of the
designs according to the decision matrix. Instead, the information we learned throughout the
decision matrix process was used to supplement our evaluation of the designs from a more
holistic perspective, considering more subjective factors such as: analytical complexity/our
ability to accurately predict system performance, mechanical simplicity and resultant reliability,
and the impact of the designs on general turbine architecture and CPWP project scope. The
swash plate designs scored well in the decision matrix because of their potential for smaller
packaging but their mechanical complexity and non-linear behavior is not reflected in this
evaluation. We ultimately decided that it is more important to prioritize mechanical simplicity
for the sake of system reliability over the benefits of smaller packaging. We eliminated the three
swash plate designs based on this distinction. After this decision we moved forward with more
in depth packaging studies of the rack and pinion and direct drive options. These studies
specifically targeted a more thorough investigation of the electrical architecture and
requirements of the two remaining options.
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Figure 4.10. Packaging studies of direct drive (left) and rack and pinion (right) concept designs.
The large pink cylinder shown in the direct drive study represents the slip ring required for this
application, which was considerably larger than we had anticipated during preliminary studies
and results in a very significant cantilever. Avoiding this cantilever would have required large
changes to general turbine architecture and nacelle geometry: this option was quickly
eliminated because the advantages of direct drive, even with a small cantilever, do not justify
increasing our project boundaries and increasing the scope of the CPWP club.
Based on the promising results of the rack and pinion study and the detrimental effects of the
large slip ring required for the direct drive concept, we selected the rack and pinion as the
architecture concept for our final design.
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5.0 Final Design
5.1 Post-CDR Design Changes
To varying degrees, all subsystems of the project changed in some capacity since CDR. This
section documents and addresses the details of the changes to each subsystem. In general, the
modifications were driven by one of the three following reasons: 1) To increase
manufacturability and/or serviceability, 2) To accommodate the evolution of surrounding
turbine architecture, 3) To iterate on existing concepts to better satisfy critical design criteria.

Blade Connection Assembly Post CDR Changes
The largest design changes since CDR were made to the blade connection subassembly. Figures
5.1 and 5.2 below compare the isometric and section views of the pre and post CDR hub
architecture.

Figure 5.1. Isometric view comparison of pre-CDR hub architecture (left) and post-CDR hub
architecture (right).
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Figure 5.2. Section view comparison of pre-CDR hub architecture (left) and post-CDR hub
architecture (right).
The majority of the modifications made to the blade connection subassembly were driven by
decreasing the diameter of the hub. This was done for two primary reasons: 1) Minimizing the
radial distance from the axis of the rotor shaft to the start of the blade root is very important for
the aerodynamic performance of the system, especially because the overall footprint of the
turbine is limited by competition rules, 2) Decreasing the hub size directly decreases the
rotational inertia of the outboard turbine system.
The diameter of the hub was ultimately reduced by ~70%, from 214mm at CDR to 65mm. This
was accomplished via the following modifications: 1) The blade connection changed from a 2
part dovetail, which clamped onto the blade, to a single piece which the blade is pressed into
and up against a locating pin on the aft side of the dovetail base, 2) The pinion torque transfer
and axial retention is now accomplished by two pins that go through the pinion gear teeth and
thread into mating holes in the dovetail base - this allowed for the pinion boss to be removed, 3)
The original shank bolt was replaced by a low-profile equivalent, 4) The threads for the preload
nut were moved to the outside of the housing, which significantly decreased the radial space
occupied by the preload nut, 5) The bottom section of the dovetail base was slightly recessed
into the end cap to save space while maintaining sufficient shank bolt thread engagement
Table 5.1 below provides a direct comparison of CDR and final architecture for each component.
It should be noted that the housing also underwent a few additional changes driven by
integration with the relative motion subassembly and with the rotor balancing team. Threaded
holes for pins were added on the back side of the housing to constrain the angular position of
the racks with respect to the pinions. This change will be discussed further in the relative
motion post CDR changes section. The boss and threaded holes on the front of the housing were
added to locate and mount the rotor balancing teams plate. The keyway for the rotor shaft was
also rotated to accommodate the plate mounting holes at the desired bolt circle diameter.
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Table 5.1. Comparison of CDR and final architecture for hub assembly components.
Component Name

CDR Architecture

Final Architecture

Dovetail Base

*wrench flats added for shank bolt
tightening

Pinion

Preload Nut

End Cap

Housing
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Relative Motion Subassembly Post CDR Changes
There were two notable changes to the relative motion subassembly after CDR: 1) The rack
mounting architecture was redesigned to improve manufacturability and decrease stock cost, 2)
The rotational degree of freedom of the spinning fork is now constrained by three pins in the
housing, instead of a key between the spinning fork and the rotor shaft, as was planned at CDR.
This was done to alleviate concerns about using a key on a sliding interface and because the
tolerance stack for the pinned option is considerably shorter than the key, which ultimately
means the angular position of the racks with respect to the pinions can be more tightly
controlled. With that said, it should be noted that this required adding a boss to the spinning
fork and moving the hub assembly out by 5mm in order to accommodate the pins throughout
the linear travel of the system. Figure 5.3 below compares the architecture of the spinning fork
pre and post CDR.

Figure 5.3. Comparison of spinning fork architecture pre-CDR (left) and post-CDR (right).

Actuation Subassembly Post CDR Changes
There have been a few remarkable changes to the mounting blocks within the actuation
assembly since CDR. Table 5.2 displays the extent of these changes from CDR to final design.
The CDR mounting block shown in Table 5.2 (pink color) was fixed to the nacelle base using
shoulder bolts. This became an issue because the actuator shafts must be located off of the
relative motion assembly for proper actuation. Due to the locating nature of shoulder bolts, they
would have overconstrained the actuator assembly by attempting to locate the assembly off of
the relative motion assembly as well as the nacelle base. In order to address this, we decided to
change the tapped holes in the nacelle base to clearance holes. M4 bolts and nuts were then
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chosen to fasten the mounting blocks to the nacelle base. Now, the relative motion assembly will
act to locate and align the final mounting blocks shown in Table 5.2 (dark and light blue color).
This is an important step to ensure that there will be no unwanted bending moments on the
actuator shafts.
Table 5.2. Comparison of CDR and final architecture for actuator subassembly
CDR Architecture

Final Architecture

A few more notable changes were made to the actuator mounting blocks after CDR. The CDR
design utilized a shoulder bolt shown in Table 5.1 (dark blue) at the back of the actuator which
would react forces along the axis of the actuator shaft. Concerns arose regarding the shoulder
bolt at the back of the mounting block. If the shoulder bolt was over-tightened, it could produce
an unwanted moment on the actuator shaft. On the other hand, if the threads of the shoulder
bolt were not engaged enough, it is possible that the connection could fail under load due to a
lack of preload. It would be difficult to determine whether a moment is being induced on the
actuator shaft, therefore, it would also be difficult to know when to stop tightening the shoulder
bolt. This issue was fixed in the final design by rotating the actuator 90º about its axis to an
upright position and employing new actuator mounting brackets seen in Table 5.2 (gold and
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light blue colors in Final Architecture). An M4 bolt and nut secure the back of the actuator to the
rear, U-bracket.
In order to accommodate the mounting requirements of surrounding turbine architecture, the
mounting block had to undergo a redesign. In the final design, the CDR mounting block was
split up into two separate blocks; fore and aft blocks as shown in Table 5.2 . Figure 5.4 shows a
cross-sectional view of the final design of both mounting blocks with fasteners. The mounting
brackets will also be secured by M4 bolts (green) and nuts (light blue) as seen in Figure 5.4. Note
that the green bolts are located farther down than the hex nuts with respect to the top view
below.

Figure 5.4. Top, cross-sectional view of the final mounting blocks. On the left is the aft block
(purple) and on the right is the fore block (light blue).
CPWP’s potential yaw bearing placement presented another challenge. Due to the length of our
actuators being seated within the nacelle, interference between the rear of the aft mounting
block and the proposed yaw bearing location on the nacelle base was likely. We also had to
allow ample room for the actuation assembly to sit behind the turbine shaft’s pillow block
bearing as shown below in Figure 5.5.
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Figure 5.5. Actuation subassembly with respect to the pillow block bearing and potential yaw
bearing placement. The yaw and pillow block bearings are shown in light green and orange
respectively.
It is important to note that during the redesign of the mounting blocks, CPWP had not yet
finalized the location of the turbine yaw bearing with respect to the nacelle base. In order to
avoid the aft mounting bracket’s fastener from running through the potential location of the
nacelle base, we utilized captive nuts in the mounting blocks. The hex nut slides into the
hexagonal walls of the cavity which act to resist torque induced when tightening the bolt. The
same design was applied to the sides of the fore mounting block to prevent the unnecessary
purchase of longer M4 bolts. An angled side view of the final fore and aft mounting blocks is
shown in Figure 5.6. In order to minimize the size of both mounting blocks, the holes for the
bolts and hexagonal cavities for the nuts are relatively close to one another. As for
manufacturing, we decided to 3-D print the blocks out of SLA resin. FDM printing was
considered, however, it would have been hard to remove filler material from the captive nut
cavities in case they are too small. We also considered manufacturing the blocks out of
aluminum or steel, however, SLA resin is lighter, cheaper, and sufficiently strong for this
application. Also, 3-D printing requires less dedicated time in the shop.
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Figure 5.6. Angled side view of the final mounting assembly with a cross-sectional view of the
fore mounting block (light blue).

5.2 Final Design Overview

Figure 5.7. Final system architecture and the three main subassemblies: Actuation, relative
motion and blade connection.
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This system is actuated by two linear actuators mounted in the nacelle that are connected via
push-rods to the relative motion subassembly outside of the nacelle. The relative motion
subassembly allows the collar connected to the actuators to slide along the axis of the rotor
shaft, thus linearly moving the racks and causing the blades to pitch, without rotating (even
though the rack and pinions are spinning). The blade mounting subassembly constrains the
blades in all degrees of freedom other than rotation about the pitch axis and establishes the
primary load path from the blades to the rotor shaft. The design loads for this system are shown
in Figure 5.8.

Figure 5.8. Pitching system design loads and the corresponding coordinate system.

Final Design Overview: Actuation Subassembly

Figure 5.9. Final actuation subassembly architecture.
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Final Design Overview: Relative Motion Subassembly

Figure 5.10. Externally visible components of the relative motion subassembly. The pins that
mate to the spinning fork locate the racks with respect to the pinions throughout travel and
react the non-tangential component of the reaction force between the rack and pinion teeth.

Figure 5.11. Section view of spinning fork and internal components
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Final Design Overview: Blade Connection Subassembly

Figure 5.12. Exploded view of blade connection subassembly final architecture

Figure 5.13. Section view of blade connection subassembly
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5.3 Shank Bolt & Hub Bearing Selection
Due to the relatively small loads applied to this system, basic combined loading calculations
indicated that the vast majority of the components in the blade mounting assembly will be
driven by packaging instead of structural performance. With that said, to ensure the blades are
safely constrained, the bolt connecting the end-cap and dovetail assembly was conservatively
sized with the following assumptions: bolt preload is lost and thus the bolt sees direct bending,
all design loads are simultaneously applied and there is no elastic energy dissipation associated
with blade deformation.

Figure 5.14 Shank bolt factor of safety.
The bearing selection was driven by two primary factors: The outer diameter of the end cap,
which was driven by the size of the shank bolt and a reasonable wall thickness for AL 6061, and
by minimizing the overall diameter of the hub. In an effort to keep radial packaging as small as
possible, we are using a single bearing per blade. It is important to note that in this
configuration the moments applied to the system will be directly resolved through the bearing,
specifically the bearing balls. Single deep groove ball bearings are not conventionally acceptable
for use in applications with direct moment loading. With that said, because the inner diameter
of the bearing was driven by packaging, the load capacity of this bearing is far greater than the
largest combined loading case expected for the turbine (static factor of safety, according to the
SKF bearing calculator, of 109). These bearings are expected to see very low cycles, at low
speeds and temperatures, and thus any reduction in bearing life due to the moment loading is
considered negligible. Furthermore, the use of our selected bearing in this application was
approved by an SKF technical consultant.
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Figure 5.15. SKF bearing calculator information for selected hub bearing (6002)

5.4 Linear Actuator Calculations
In order to select the linear actuator that we will use for our final design, we performed
calculations for the linear travel, linear velocity, and tangential force required from the actuator
for various pinion radii. The range of radii was constrained by packaging of the system as we
wanted the pinion radius for each blade to be minimized. The inputs for the calculations as well
as the calculation values can be found in Tables 5.3 and 5.4 below. Linear travel was calculated
by taking the required 20 º/360 º rotation and multiplying by the circumference of the pinion
radius. Linear velocity was then found by multiplying the rotational speed times the radius of
the pinion. Finally, the transmitted load of the spur pinion is assumed to be equal to the
tangential load of the pinion according to Shigley. Thus, transmitted load is calculated simply
by dividing the 2.4 N-m pitch torque by the radius of the pinion. The green row of Table 5.4
signifies our desired pinion radius of 20 mm. The goal here was to minimize linear travel for
less cantilever effect, but also keep the tangential force required from the actuator low. In
addition, the outer radius of the pinion must be sufficiently large to allow for the blade stem
and shank assembly to fit through the bore. Thus, our maximum load condition given a pinion
diameter of 40 mm is 147.8 N at 0.698 mm/s with 6.981 mm of travel.
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Table 5.3. Inputs for the linear actuator calculations that were used to calculate pitch power
required with mechanical losses taken into account.

Table 5.4. Calculations of linear travel, linear velocity, and tangential force required for a range
of pinion radii. The green row signifies our chosen radius.

5.5 Linear Actuator Selection
Various types of rotary actuators were considered, however, a linear actuator was chosen due to
the compatibility with our swash-plate mechanism. A rotary actuator would require another
rack and pinion to convert rotary actuation to linear since we want the actuator to sit inside the
nacelle. Two different sets of racks and pinions also compound the total amount of rack slop.
Linear actuators, hence the name, already move in a linear direction due to an internal gearset.
This gearset effectively reduces the linear velocity of the actuator to a range that works with our
system. Although linear actuators operate at relatively low electrical efficiencies, they have high
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internal friction. This means that the actuator will draw little to no power when holding an
angle of attack.
CPWP requires that our actuator is able to be easily integrated into the Arduino control system.
They also asked that we find an actuator that operates at ~5V DC and has active and standby
power draws under 5 W and 1 W respectively. Our team chose to move forward with two of the
6 V DC Actuonix L12-R Micro Linear Servos for RC and Arduino with 210:1 gear reduction22.
The L12-R features closed-loop position feedback that easily interfaces with the Arduino. Table
5.3 and figure 5.8 below show the L12-R’s specifications as well as its load and current curves.
Two of these actuators will be mounted inside of the nacelle and provide even actuation force
on either side of the swash-plate mechanism. Observing table 5.2, the largest actuation force
required will be 147.8 N at 0.698 mm/s with 6.981 mm of travel (using CPWP’s pitching
moment factor of safety of 2). Given the 210:1 gearing option in table 5.3, the maximum lifted
force is 80 N per actuator which is roughly equivalent to 160 N of combined force using two
actuators. Note that lifted force is “the maximum force that can be reliably lifted without
causing damage to the actuator”. The load curve in figure 5.8 using the 6 V, 210:1 gearing option
shows that the actuators will operate at a little over 2.5 mm/s under our maximum load which
is significantly faster than required. Also in figure 5.8, the current curve shows that under our
maximum load, the two actuators will actively draw about 1.5 W of power each (6 V * 0.250 A)
totaling 3 W (1.5 W * 2). Using the listed standby current of 7.2 mA in table 5.5, the standby
power draw comes out to be only 0.0432 W each totaling 0.0864 W. The active and standby
powers are therefore 40% and 91.4% less than the requirements set forth by CPWP respectively.
Speed synchronization was one concern due to possible differences in internal friction between
the two actuators, however, Actuonix has stated that they are able to test and provide two
actuators with the same speed if given prior notice.
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"L12-R Small Linear Servo for RC and Arduino | Actuonix." 8 Mar. 2017,
https://www.actuonix.com/L12-R-Linear-Servo-For-Radio-Control-p/l12-r.htm. Accessed Oct. 2020.
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Table 5.5. Actuonix L12-R Micro
Linear Servo for RC and Arduino
specification chart (210:1, 10 mm stroke, 6
V)22.

Figure 5.16. Actuonix L12-R Micro Linear Servo for RC and Arduino load and current curves
(210:1 - 6 V)22.
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5.6 Rack and Pinion Calculations
In order to see what kind of rack and spur pinion would handle our maximum load condition,
we iterated through the AGMA spur pinion bending and contact stress equations using the
spreadsheets of Tables 5.6 and 5.7. We started the iteration process with the maximum
transmitted load of 147.8 N divided by three since there is one pinion per blade. This yields a
transmitted load between individual rack and pinion of about 49 N while the linear velocity is
assumed to be 2.5 mm/s as stated in the actuator selection section above. A pressure angle of 20
º was chosen because it is industry standard and increases the load capability compared to the
old 14.5 º industry standard23. A small face width was dictated by packaging and possible
misalignment issues that come with larger face widths23. A fine pitch was chosen to reduce any
relative sliding motion between the rack and pinion23. The racks and pinions will be outsourced
because several manufacturers hold themselves to ISO and AGMA quality standards. We want
the rack and pinion sets to be as identical to each other as possible, and an in-house
manufacturing process such as 3-D printing would prove too expensive and time consuming to
achieve the same tolerances as an outsourced part. In addition, nylon and acetal thermoplastic
rack and pinion sets are lightweight, cheap, widely produced, and often used for similar
loading applications. Through the AGMA iteration process using nylon and acetal materials
and with CPWP requirements in mind, we found that our best configuration is a 0.7 module, 20
º pressure angle, 6 mm face width, and 60 tooth spur pinion that is limited in bending for both
thermoplastics. The configuration has a bending factor of safety of 7.5 for nylon and 11.4 for
acetal. The calculations for both nylon and acetal pinions can be found in tables 5.6 and 5.7
below.

23

"FUNdaMENTALS of Design - MIT."
http://pergatory.mit.edu/resources/FUNdaMENTALS.html. Accessed Oct. 2020.
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Table 5.6. AGMA bending and contact stresses for nylon spur pinion.

Table 5.7. AGMA bending and contact stresses for acetal spur pinion.

In order to double-check the bending calculations and also ensure that the teeth will not fail
under shear, the configuration dimensions from our AGMA spreadsheet and allowable bending
stresses for the respective thermoplastics were plugged into an spreadsheet created by MIT
professor Alex Slocum 23. With a factor of safety of 2, the maximum tangential forces to shear and
bending failures and the torque to create these forces (in this case, pitching moment) are
calculated. The maximum tangential force to shear failure is calculated by multiplying the shear
area of the tooth times the allowable bending stress divided by 2. The maximum tangential force
to bending failure is the allowable bending stress times the moment of inertia divided by the
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distance from the neutral axis times the distance from the pitch line to the root. The maximum
allowable tangential (rack) force is then calculated incorporating the factor of safety of 2. Tables
5.8 and 5.9 below display that the maximum allowable rack force for both the nylon and acetal
sets are again limited by bending failure. Slocum’s spreadsheet verifies that our maximum load
condition of 0.8 N-m of pitching torque and 49 N of tangential load is well below the allowable
values for torque and tangential load for this rack and pinion configuration. In terms of the
separation force, we will assume that the inner fork and blade stem are sufficiently rigid enough
to react the force.
Table 5.8. Nylon rack and pinion tooth strength estimate23.
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Table 5.9. Acetal rack and pinion tooth strength estimate 2.

5.7 Rack and Pinion Selection
After the iteration process and browsing the available outsource options, we have chosen
molded acetal racks and pinions. Molded acetal racks and pinions are a small fraction of the cost
of nylon sets and according to our calculations, acetal is very capable of handling our maximum
load case. Acetal also has a low coefficient of friction and high impact and abrasion resistance.
Thus, the final selected pinion is a molded acetal 42 mm pitch diameter, 8 mm bore size, 6 mm
face width, 20 º pressure angle, 0.7 module, and 60 teeth made by SDP/SI (A 1M 2MYZ07060) 24.
The final selected rack is a molded acetal, 6 mm face width, 20 º pressure angle, 6 mm pitch
height, and 250 mm stock length also made by SDP/SI (A 1M12MYZ0725) 24. The 42 mm pitch
diameter is very close to our desired pinion diameter of 40 mm found in the actuator
calculations section. The slightly larger 42 mm diameter will effectively reduce the transmitted
load due to a larger torque arm so we do not have to worry about possible failure.

24

"Plastic Gears - Custom Made Gears or Order from ... - SDP/SI."
http://www.sdp-si.com/Plastic_Gears.php. Accessed 23 Oct. 2020.
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5.8 Cost Analysis
The CPWP club has given us a total budget of about $ 1,000 for our senior project. After
choosing cost-effective parts as detailed throughout Section 5.0, our total cost of the project is $
335. The bill of materials laying out each part’s information and cost is shown below in Table
5.8. The final budget including website links to the parts can be found in Appendix Attachment
7. Stock prices are based on prices from McMaster Carr.
Table 5.10. Bill of materials for the blade pitch system.
Stock
Description

Part

Cost/Unit
(USD)

Qty

Total (USD)

Test Fixture
Mounting Fixture

PLA

5

2

10

Blade Fixture

SLA

1

1

1

11.99

3

11.99

Fish scales

Actuator Mounting Subassembly
M4 Bolt

Steel

0.14

6

0.84

M4 Hex Nut

Steel

0.07

6

0.42

Actuonix L12-R

-

35

2

70

Front Actuator Mounting Block

SLA

4

2

8

Rear Actuator Mounting Block

SLA

4

2

8

Actuator Collar

Plastic

5

2

10

Actuation Subassembly
Inner Fork

Al 6061

20

1

20

Outer Fork

Al 6061

15

1

15

Rack Holder

Al 6061

3

3

9

M6 Threaded Rod, 40 mm

Steel

2.82

1

2.82

M6 Hex Nut

Steel

2.59

4

10.36

M17 x 1 Bearing Retaining Nut

Steel

4.29

1

4.29

35 mm Internal Retaining Ring

Steel

3.72

1

3.72

6003-2Z Ball Bearing

-

18.96

1

18.96

2 x 8 mm Shoulder Bolt

Steel

3.2

6

19.2

3 x 6 mm Shoulder Bolt

Steel

2.88

6

17.28
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Rack

Acetal

5

3

15

Blade Connection Subassembly
Rotor Housing

Al 6061

30

1

30

Dovetail Base

Al 6061

5

3

15

End Cap

Al 6061

2

3

6

Retaining Nut

Al 6061

1

3

3

6002-2Z Ball Bearing

-

8.22

3

24.66

Pinion

Acetal

6

3

18

M4 Socket Head Screw

Steel

2.40

3

7.20

M3 x 12 Threaded Pin

Steel

1.55

6

9.29

M3 x 6 mm Threaded Pin

Steel

2.38

3

7.14

M4 x 20 mm Threaded Pin

Steel

2.74

3

8.22

Total

-

-

-

335

6.0 Manufacturing
6.1 Overview
The design has 12 components that are manufactured or modified in-house with processes
ranging from CNC mill to 3d printing. Most components have at least 1 feature with tight
tolerances to ensure alignment of the mechanism and to properly mount bearings and gears.
Table 6.1. lists the parts and their corresponding manufacturing processes. Off-the-shelf
components were purchased where possible but no manufacturing was outsourced for this
project.
Table 6.1. List of in-house manufactured parts.
Part

Qty. for Full Assembly

Mfg. Process

Material

Spinning Fork

1

CNC mill

Al 6061

Non-Spinning Fork

1

CNC mill

Al 6061

Rotor Housing

1

CNC mill, Broach

Al 6061

Rack Modifications

3

Mill

Acetal

Pinion Modifications

3

Mill, lathe

Acetal
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Dovetail Base

3

Mill, lathe

Al 6061

Rack holders

3

CNC mill

Al 6061

End Cap

3

Lathe

Al 6061

Preload Nut

3

CNC mill

Al 6061

Fore Mounting Block

2

3-D print

SLA

Aft Mounting Block

2

3-D print

SLA

Threaded rod

2

Hack saw

Steel

6.2 Manufacturing Processes by Part
The following section describes the manufacturing and/or modification process of parts
complicated enough to warrant an explanation. Other parts besides the ones listed in Table 6.1
required for the complete assembly were purchased and un-modified.

Spinning Fork
The spinning fork is a 3 axis CNC mill part that was machined in two operations from opposing
sides. Critical tolerances include alignment between the through bore and the pin holes, and
perpendicularity between the throughbore and the face which the rack holders sit on. The
former ensures that the pins do not bind over the course of travel, while the latter is critical to
rack alignment.

Figure 6.1. Primary features of -spinning fork

50

Figure 6.2. Images of the manufactured spinning fork

Rotor Housing
The rotor housing was machined 4 axes on a CNC mill. This process allowed all three bearing
bores to be machined in the same operation which resulted in good alignment between blades..
Since this part also has holes in 5 different orientations, operations are reduced from 5 to 3. The
stock was first mounted on the rotary table and the bearing bores were machined. Next two
operations were used to machine the holes and through-bore on the front and back. Lastly, the
keyway was broached on an arbor press.

Figure 632. Primary features of rotor housing

51

Figure 6.4. Rotor housing after completion of the 4th axis CNC operation

Figure 6.5. Fixture for the last CNC operation for the rotor housing
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Figure 6.6. Housing being broached on an arbor press. Shims were used to increase the depth of
the keyway.

Figure 6.7. Completed rotor housing

Non-Spinning Fork
The outer fork was a straightforward, 2 operation, CNC part which can be machined from front
and back along the axis of the bore. While this part was made on a CNC for this project, with
slight modifications it could easily be manufactured through other techniques. Alternatives
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include water jetting and milling for the outer profile (which could be simplified) and manual
milling or turning for the bore.

Figure 6.8. Primary features of non-spinning fork

Figure 6.9. Completed non-spinning fork

Rack Modifications
Racks were cut to length, and then had mounting holes drilled and reamed.Rack alignment is
dependent on the mounting hole positions, and as such must be precisely machined. Since it
would be difficult to touch off the teeth themselves, two small dowel pins were placed in
between teeth near the ends of the rack section, and then the rack and pins were clamped in a
vise. A coaxial indicator was used to zero the machine’s coordinate system at the center of one
of the pins, which serves as the datum from which the holes were located. The holes were then
center drilled, drilled and then reamed to their final diameter.
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Figure 6.10. Fixturing method for rack modification

Pinion Modifications
The following modifications need to be made to the purchased pinions: 1) removing the boss, 2)
enlarging the bore, 3) drilling and reaming holes for the pins that provide torque transfer and
axial retention of the pinions. The bore was enlarged by plunging with a ¾” endmill on a
manual mill, which simultaneously removed the boss. The pin holes need to be precisely and
consistently located for all three pinions in order for the racks to mesh properly and for blade
alignment. Figure 6.11 below shows the fixturing method used to locate the two holes. Two
dowel pins, spaced halfway around the gear (30 teeth apart), are held between the
corresponding pinion teeth as the pinion is positioned into the vise. Before the vise is
completely tightened, the pinion is adjusted such that both dowel pins are sitting flush with the
top of the vise jaw, while still properly seated in the root between pinion teeth. An edge finder is
then used to find the center of the pinion in both X and Y, where the machine is then zero-ed
and hole is then center drilled, drilled and reamed. The pinion is then flipped over and aligned
with the pins in the same process described above before the second hole is drilled and reamed.

Figure 6.11. Fixture for locating pinion holes
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Figure 6.12. Final pinions after modifications with pins inserted. It should be noted that the
recess inboard of the teeth was not shown in the manufacturers images but was there upon
delivery and was not a feature machined for this project.

Dovetail Base
This is a 4 operation CNC part. The dovetail feature was cut with a dovetail cutter. The flats
were used to orient the holes on the side, each of which required their own setup.

Figure 6.13. Primary features of dovetail base
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End Cap
The end cap is a relatively simple two operation manual lathe part. The diameter of the bearing
seat should be tightly controlled in order to achieve the fit recommended by SKF.

Figure 6.14. Primary features of end cap

Figure 6.15. Image of manufactured end cap, resting on the tip of pointer finger for scale

Preload Nut
This part could be made on a manual mill and lathe but to avoid manual single-point threading
it was made on a CNC mill in two operations, from the front and back of the axis of the main
bore.
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Figure 6.16.. Primary features of the preload nut

Rack Holders
This part could certainly be made on a manual mill but to save time it was made in four
operations on a CNC mill.

Figure 6.17.. Main features of the rack holder
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6.3 Assembly

Figure 6.18. Fully assembled pitching mechanism prototype.

Assembly of Assemblies
After the nacelle is assembled with the rotor shaft mounted in the pillow block bearing, all
components of the actuation and relative motion subassemblies should be assembled on the
rotor shaft, except the rack holders (with the racks mounted to them) should not yet be attached
to the spinning fork. The Actuation and Relative Motion Assembly section below explains the
details of this process. The blade connection subassembly should be assembled separately,
according to the process described in the Blade Connection Assembly section. The assembly
state described at the end of the Blade Connection Assembly section will then be slipped onto,
and keyed to, the rotor shaft. At this point the rack holders should be mounted to the spinning
fork, ensuring that the blades are all oriented at 0 degrees of pitch and that the spinning fork is
positioned at 0mm of linear travel before meshing the racks with the pinions. The rotor
balancing assembly can then be attached to the front of the housing. It should be noted that
because the whole turbine is subject to vibrational loading, removable threadlocker will be
applied to all threaded fasteners.
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Actuation and Relative Motion Assembly
The assembly of the actuation subassembly should begin with pressing in the bearing and
inserting the snap ring into the non-spinning fork. The spinning fork (without the rack holders
mounted) can then be inserted into the non-spinning fork and retained by tightening the
bearing retaining nut. This small subassembly can then be slid onto the rotor shaft. The push
rods should now be attached to the non-spinning fork. An isometric and section view of the
assembly at this point is shown below in Figure 6.19.

Figure 6.19. Relative motion subassembly mounted to rotor shaft prior to mounting actuator
subassembly
At this point, the nacelle mounting bolts should be inserted into the mounting blocks and the
actuators mounted to the blocks. The nacelle mounting bolts for the actuator blocks can be
inserted into their corresponding clearance holes in the nacelle base, but the nuts should not yet
be tightened. The push rods should now be threaded into the actuators. This assembly sequence
ensures that the axis of the push rod holes in the non-spinning fork is collinear with the axis of
the linear actuators, as the position of the actuators themselves is defined by their attachment to
the relative motion subassembly. The nuts that secure the mounting blocks to the nacelle can
now be tightened. Figure 6.20 below shows this assembly state.
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Figure 6.20. Assembly state prior to mounting blade connection subassembly on the rotor shaft

Blade Connection Assembly
Every component in the blade connection subassembly is designed such that it can be replaced
individually, but the assembly and disassembly of the system must be done in a relatively serial
fashion. For convenient reference, the exploded and section views of the blade connection
subsystem are shown below in Figure 6.21.

Figure 6.21. Section view of assembled blade connection subassembly (left) and exploded view
(right).
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The assembly of the blade connection subassembly begins by pressing the end cap into the ID of
the bearing. After that, the dovetail base should be secured to the end cap and bearing via the
shank bolt. The wrench flats on the dovetail base should be used to resist the torque applied to
the socket head of the shank bolt while tightening. The blade locating pin can be threaded into
the mating hole in the dovetail base at any point prior to pressing in the blade. At this point, the
preload nut followed by the pinion should be slipped over the dovetail base. Thread the two
pinions pins into the dovetail base to secure the pinion. The blade can now be pressed into the
dovetail base until the back face of the blade dovetail touches the locating pin. This assembly
can now be slipped into one of the housing bores and the preload nut tightened onto the
housing. The process described above will be repeated two more times for the remaining blades.
The locating pins can be threaded into the housing. Figure 6.22 below shows the final assembly
state of the blade connection assembly.

Figure 6.22. Final assembly state of the blade connection subassembly prior to mounting on the
rotor shaft.

7.0 Design Verification
7.1 Overview
We have tested our design under CPWP’s maximum loading condition through static load
testing. In the first test, our 3-D printed dovetail base failed before maximum loading condition
was reached. It is important to note that the dovetail base will be manufactured out of
aluminum in the upcoming months, however, limited manufacturing time this quarter led us to
3-D print the dovetail base out of mystery resin in order to approximately test our full assembly.
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In our second test, the 3-D printed shaft (SLA resin) used to simulate CPWP’s real, metal shaft
failed before we could reach maximum loading condition. All parts in our assembly, including
the 3-D printed dovetail base, did not fail at this point.
Ideally, we would have performed additional testing utilizing CPWP’s 2021 turbine with power
electronics, however, their turbine assembly is not yet completed. The next logical option was to
use CPWP’s old turbine from last year, but it did not utilize a blade pitch system plus the power
electronics and dimensions are significantly different from the 2021 turbine. As a result, we were
limited to testing without power to the actuators. The combined static loading tests were
performed using an in-house manufactured blade fixture to simulate the blade connections of
the new turbine since the new blades have not been manufactured. The blade test fixture
includes a 3-D printed SLA resin dovetail of the same geometry of the CPWP blades with an
additional rectangular structure to locate and place the static loads. Figure 7.1 displays the blade
test fixture in detail.

Figure 7.1. 3-D printed blade test fixture (SLA resin).
The hole closest to the dovetail geometry was used to apply the axial and normal loads while
the hole off-axis of the blade was used to apply a pitching moment. This was done using
sufficiently strong twine and three identical fish scales shown in Figure 7.2 to measure the
magnitudes of the loads.
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Figure 7.2. ETEKCITY fish scale used to apply and measure static loads. Manufacturer
recommended load range of 0.1-110 lb or 0.01-50 kg.
Through these static tests, we assumed that the blade to blade stem, actuators to base plate, and
front plate to base plate connections are rigid. A full assembly of the static test fixture and pitch
system for static loading is exhibited in Figure 7.3 below. The blade test fixture of Figure 7.1 was
press-fit into the 3-D printed dovetail base. Note that the geometries of the pillow block bearing
and generator shaft were 3-D printed out of SLA resin as one piece. The preload nut was also
3-D printed out of SLA resin. The rack holders and spinning fork were 3-D printed out of
mystery resin. The rack holders and spinning fork will be aluminum in the final assembly.
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Figure 7.3. Static loading test fixture (blade test fixture of Figure 7.1 not shown here).
We would have liked to test for pitch angle synchronicity and active and standby power draws,
however, this testing is documented in Section 9.0, Conclusion and Recommendations, to be
completed in the future by CPWP once the 2021 turbine assembly is complete.

7.2 Combined Static Loading
The goal of this test was to see if and when our system would fail under combined static
loading. In this test, the 3-D printed pillow block bearing and shaft fixture was rigidly clamped
to a table so that the generator shaft axis was horizontal. Pitching moment was applied using a
fish scale attached using twine to the blade fixture to induce a moment at the blade stem
connection. Normal and axial loads were applied to the blade fixture using twine and two
additional fish scales. The magnitude and direction of the loads were adjusted by hand until
maximum loading condition was met. The testing setup for this test case is shown below in
Figure 7.4. The other bending moments and tangential load were neglected since they were not
expected to cause our system to fail. Refer to items 2 and 3 in the CWC Blade Pitch DVP&R
(Appendix Attachment 6) for in-depth testing information.
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Figure 7.4. Static loading test fixture under combined static loading applied using fish scales.
In our first test using the setup of Figure 7.4, failure of the 3-D printed dovetail base occurred
when the pitching and axial loads were 16 N (3.6 lbf) each and the axial load was 6.2 N (1.4 lbf).
A picture of this failure is exhibited in Figure 7.5. Note that the maximum loading case is as
follows; pitching load of 22.2 N (5 lbf) applied at the off-axis hole, axial load of 33.5 N (7.5 lbf),
and normal load of 16 N (3.6 lbf). Failure of the dovetail base could be attributed to a number of
reasons including possible differences in 3-D prints between each of the three dovetails as well
as stress concentrations caused by the pinion’s set screws.
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Figure 7.5. First test: 3-D printed dovetail base failure (mystery resin).
Due to the possible reasons behind the failure of the first test, we retested with a new, identical
3-D printed dovetail base. In the second test, our 3-D printed shaft failed under a pitching load
of 4.4 N (1 lbf), axial load of 33.5 N (7.5 lbf), and normal load of 16 N (3.6 lbf). The failure of the
pillow block bearing and shaft fixture is shown below in Figure 7.6. CPWP’s maximum normal
and axial loads were met in this test, however, the pitching load was not.

Figure 7.6. Second test: 3-D printed pillow block bearing/shaft failure (SLA resin).
We expect that the failures of these two tests will be addressed in the final turbine assembly. The
failure of the dovetail base will be retested once we manufacture aluminum dovetail bases.
Furthermore, CPWP’s generator shaft and pillow block bearing will be made out of metals
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instead of mystery resin. Therefore, it is expected that the assembly will not fail in the same
manner as our second test.

8.0 Project Management
Establishing a team contract, outlining basic roles and actively maintaining our task
management spreadsheet were the three main facets of our management strategy for this
project. The team contract details team expectations for general conduct, quality of work,
communication, conflict resolution, and project contribution. The contract document was
collaborated on, reviewed, and signed by each team member. We have established high level
roles for each team member based on individual strengths and experiences. These logistical
roles and their corresponding responsibilities are detailed in Table 8.1. It should be noted that as
per the team contract all members are aware that the remaining roles needed for project
completion are the collective responsibility of the team. It is expected that each member is aware
of all aspects of the project and actively engages in ensuring that the team is on track. At the
beginning of the project we created a spreadsheet that includes our overall Gantt chart
(Appendix Attachment 2) as well as task and deadline management. The basic features of this
spreadsheet are outlined in Figure 8.1. This document was maintained throughout the duration
of the project.
Outside of the internal management strategies discussed above, another critical component to
the success of this project was integrating with Cal Poly Wind Power, as our project interfaced
with many of the primary components of the turbine and is central to overall performance in
CWC. In addition to using the CPWP Slack workspace as our primary medium for
communication, our team continually met with CPWP management and other relevant club
members to provide status updates and discuss deadlines. These meetings serve as our main
tactic for maintaining active and open communication with the club as well as mitigating
integration issues.
Table 8.1. Project Management Roles
Team Member

Logistical Role

Responsibilities

Ben Santos

Treasurer

Managing the project budget with the
consultation of CPWP along with interfacing with
potential donors and sponsors

Jenna Hartley

Project Planner

Maintaining task management spreadsheet/Gantt
chart as well as ensuring that the project is on
track

Willis Bass

Manufacturing Coordinator
and Machinist

Oversees DFM reviews, part tracking as well as
machining high tolerance and complicated parts
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As previously mentioned, the task management spreadsheet was used to monitor weekly to-do
items to ensure that we were on track to meet critical path deadlines. Tasks and their
corresponding information are populated in the task entry sheet, seen in Figure 8.1. Each task
was assigned a priority, due date, and responsible individual.

Figure 8.1. Excerpt of task management spreadsheet.
Overall, our senior project team was well-equipped for this project. Our personalities, work
ethics, and technical skills were complementary to one another. Each team member was
respectful and facilitated open communication. The ongoing Covid-19 pandemic has presented
its challenges throughout the last year, but we were able to make effective use out of
communication tools like Zoom and Slack. Fortunately, our team has not had any issues with
one another throughout the course of this project. The team is very happy with the milestones
that we have been able to achieve given these unusual circumstances. In addition, the CPWP
club has been very exciting and fun to work with.

8.1 Project Deviations
Most of the deviations from our project plan happened this last quarter (winter 2021). In CDR,
we had planned to finish manufacturing our final design in early January of 2021. Then, we had
planned to execute testing to verify our design in the middle of January. This would have given
us about two months to adjust or redesign components. We could have then re-manufactured
the parts and re-tested to improve the performance of our design. In reality, we were faced with
many obstacles to this plan. After CDR, we realized that a lot of components’ designs still
needed to be tweaked and finalized. Our team did not lock the final design CAD until February.
This left our team with about one month for purchasing, procuring, and manufacturing the
parts. Given the shop time required to manufacture the parts, one month was an ambitious
deadline. In addition, a member of our team was required to quarantine in March due to a
possible exposure to Covid-19. However, our team was still able to manufacture, assemble, and
preliminarily test the full assembly by mid-March.

9.0 Conclusion & Recommendations
This document has explicitly stated our interpretation of the project given to us by CPWP and
has detailed the development process and final design of our blade pitching system. We
designed the pitching system based on the specifications derived from our research and
collaboration with CPWP. This pitching system should be able to function such that the club can
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safely and competitively participate in the 2021 CWC. After studying other team’s designs, six
concept models were created. One design was eliminated and five remained after our
preliminary design review. We then down-selected further to the direct-drive and rack and
pinion options. Finally, we chose the rack and pinion and designed the system to meet CPWP’s
requirements. We then refined and iterated on our design after CDR. After finalizing the
integration of our system with surrounding turbine architecture, our team purchased, procured,
and manufactured the necessary components to assemble our blade pitch system. Finally, we
tested our system under combined static loading.
A primary purpose of this document is to provide CPWP with the information needed to
successfully implement and improve on our blade pitching system. If CPWP has comments,
questions, or concerns on the work done or the final design, please reach out. The team would
like to request that CPWP agrees that the final design our team has created is in accordance with
the wishes of the club.

9.1 Design Recommendations
Here are a couple proposed recommendations based on insights during the design and
manufacturing of this project.
One way to potentially reduce part count and eliminate the need to machine dovetail features
would be to thread the blade itself, and simply bolt the blade to the bearing. This was not done
as there were concerns over threading the 3d printed blade. If this could be done reliably, it
could greatly simplify the assembly.
A potential source of issues is the use of a single ball bearing to mount each blade. While there
was no noticeable wobble when playing with the assembly by hand, this may not hold true
during operation. Additionally, they are by far the heaviest part of the rotating assembly.
Switching to bushings could alleviate both these problems.
Another option to simplify that whole assembly would be to 3-D print the rack holders and the
spinning fork as one piece. This design was avoided for a machined version as holes were
required in so many orientations. This would likely require a change in geometry to retain the
stiffness of the current design.
The rotor housing requires at least 4-axis machining. Switching to a plate and pillow bearing
design similar to Penn State, shown in figure 2.2, could simplify manufacturing. Or just 3d print
the thing.
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9.2 Testing Recommendations
Once CPWP has completed their full turbine assembly with working power electronics, they
should consider completing the following tests. These tests will hopefully further verify our
design and help CPWP gain additional insight into its performance.

Pitch Angle Synchronicity
This test will determine how close the three blades will be able to pitch to a commanded value.
This will require the CPWP electrical team to connect their Arduino control system to our
Actuonix linear actuators as well as provide an external power source. CPWP will test to see
how synchronously the blades pitch with respect to one another. The first step is to create a
metric to keep track of the blades’ relative rotation to the blade stems and hub. Each blade will
have identical reference points, i.e., all blades referenced to 0 º pitch. Ideally, this test will be
done in a wind tunnel. However, combined loading could be applied using the same procedure
as the Combined Loading Test detailed in Attachment 6 of the Appendix (item 2). Then, the
linear actuators will be commanded by the Arduino to pitch to certain angles under load.
Experimental and measurement uncertainties should be analyzed as well. Refer to item 1 in the
CWC Blade Pitch DVP&R (Appendix Attachment 6) located in the appendix for further testing
information.

Active and Standby Power Draws
This test will again require the electrical and control setup mentioned above. It will also require
the CPWP electrical team to set up voltmeters and ammeters to monitor the active and standby
power draws of each actuator. Again, this test would be best performed in a wind tunnel. If not,
static combined loading can be performed. They will record the standby power draws and then
change the loadings and monitor the active power draws while the Arduino commands our
system to pitch. Measurement uncertainty with respect to the electrical meters could be taken
into account. Refer to items 4 and 5 in the CWC Blade Pitch DVP&R (Appendix Attachment 6)
for detailed information regarding these tests.
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Appendices
Attachment 1: Quality Function Deployment
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Attachment 2: Gantt Chart Excerpt

Full Gantt chart can be found here.
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Attachment 3: Pugh Matrix
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Attachment 4: Weighted Decision Matrix
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Attachment 5: Failure Mode & Effects Analysis (FMEA)
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Attachment 6: Design Verification Plan and Report (DVP&R)
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Attachment 7: Final Budget/Procurement List

Part

Stock
Cost/Unit
Description (USD) Qty

Total
(USD)

Purchase Link

Test Fixture
Mounting Fixture

PLA

5

2

10

N/A

Blade Fixture

SLA

1

1

1

N/A

11.99

3

11.99

Amazon

Fish scales

Actuator Mounting
M4 Bolt
M4 Hex Nut

Steel
Steel

0.14
0.07

6
6

0.84

https://www.mcmaster.com/9209
5A196/

0.42

https://www.mcmaster.com/9415
0A335/

Actuonix L12-R

-

35

2

70

https://www.actuonix.com/L12-R
-Linear-Servo-For-Radio-Control-p
/l12-r.htm

Actuator Collar

Plastic

5

2

10

Comes with actuator

Front Actuator
Mounting Block

SLA

4

2

8

N/A

Rear Actuator
Mounting Block

SLA

4

2

8

N/A

Actuation
Spinning Fork

Al 6061

23.59

1

23.59
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2.82
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5A418/
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2A016/

4.29
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N14/

M6 Threaded Rod,
40 mm
M6 Hex Nut
M17 x 1 Bearing
Retaining Nut

Steel
Steel
Steel

2.82
2.59
4.29

1
4
1

80

35 mm Internal
Retaining Ring

Steel

3.72

1

3.72

https://www.mcmaster.com/9845
5A722/

6003-2Z Ball
Bearing

-

18.96

1

18.96

https://www.mcmaster.com/6661
K16/

2 x 8 mm Shoulder
Bolt

Steel

3.2

6

19.2

https://www.mcmaster.com/9298
1A944/

17.28

https://www.mcmaster.com/9298
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https://shop.sdp-si.com/catalog/
product/?id=A_1M12MYZ0725
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Rack
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6
1

Blade Connection
Rotor Housing
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https://www.mcmaster.com/9008
K57-9008K572/

Dovetail Base

Al 6061

0.48

3

1.44

https://www.mcmaster.com/1610
T11-1610T101/

End Cap

Al 6061

0.72

3

2.16

https://www.mcmaster.com/1610
T11-1610T102/

5.69

https://www.mcmaster.com/8975
K74-8975K903/

24.66

https://www.mcmaster.com/5972
K324/

14.55

https://shop.sdp-si.com/catalog/
product/?id=A_1M_2MYZ07060#

Retaining Nut
6002-2Z Ball
Bearing
Pinion

Al 6061
Acetal

1.90
8.22
4.85

3
3
3

M6 Socket Head
Cap Screw

Steel

3.28

3

9.84

https://www.mcmaster.com/9307
0A141/

M3 x 12 Threaded
Pin

Steel

1.55

6

9.29

https://www.mcmaster.com/9749
3A113/

M3 x 6 mm
Threaded Pin

Steel

2.38

3

7.14

https://www.mcmaster.com/9749
3A111/
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3

8.22

Total

-

-

-
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Attachment 8: Final Drawing Package
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